SUMMARY After noting the rarity of papers describing the pathology of delayed radiation necrosis of the spinal cord, the clinical and pathological findings from four cases are presented. The main pathological features are asymmetric demyelination of the lateral columns and to a lesser degree the posterior and anterior columns of white matter, with coagulative necrosis at the level of irradiation which affected the grey matter to a lesser degree. There is ascending and descending secondary tract degeneration, and poor glial response in the lesions themselves. Vascular changes, mainly hyaline thickening of arteriolar walls, are present, but not in degree sufficient to explain the primary lesion. The discussion of the pathogenesis of the myelopathy weighs the merits of a primary vascular lesion against those of a primary effect of the radiation on neural tissue. The latter is favoured.
The clinical syndrome of radiation myelopathy is well documented (Malamud, Boldrey, Welch, and Fadell, 1954; Itabashi, Bebin, and De Jong, 1957;  Dynes and Smedal, 1960; Pallis, Louis, and Morgan, 1961 ; Atkins and Tretter, 1966; Baldus, 1966;  Hughes, 1966; Kristensson, Moulin, and Sourander, 1967; Reagan, Thomas, and Colby, 1968 ; Van den Brenk, Richter, and Hurley, 1968; Lehmann, Zett, and Neumeister, 1968; Locksmith and Powers, 1968;  Maier, Perry, Saylor, and Sulak, 1969; Philips and Buschke, 1969; Tan and Khor, 1969;  Coy, Baker, and Dolman, 1969; Eyster and Wilson, 1970) . It occurs invariably as an iatrogenic lesion due to irradiation of malignant tissues in the vicinity of the spinal cord. The cervical region is the commonest part of the cord to be affected, and most reports of the pathology of radiation myelopathy have been of lesions at this site.
The type of malignancy irradiated seems to have no bearing on the subsequent development of myelopathy. The exact incidence of radiation myelopathy is not known. The factors which appear to be especially important in the development of the myelopathy are total dose, field size, and dose rate. The dose-incidence relationship has been given a mathematical description by Van den Brenk et al. (1968) , who also suggest that treatment in hyperbaric oxygen increases 888 the risk of developing radiation myelopathy. These authors published formulae and curves from which they assert that the probability of developing radiation myelopathy may be predicted if the dosage and number of fractions of radiation received by the spinal cord are known.
The onset of the myelopathy is subacute or insidious, usually with sensory and motor symptoms in the legs. Sometimes sphincteric disturbances appear first, and occasionally pain in the neck and arms is prominent. The (Kristensson et al., 1967; Coy et al., 1969; Philips and Buschke, 1969) . Five of these were reported by Kristensson et al. (1967) The right side of the cord was consistently more severely affected than the left, and on this side there was definite coagulative necrosis of the anterior horn in the cervical sections, especially in the cervical enlargement. There was chromatolysis of the anterior horn cells which was most severe in the cervical sections, but it was present in all sections, varying in degree from cell to cell in each section.
In the edge of the necrotic lesions some of the tiny intramedullary vessels contained antemortem thrombi (Fig. 5) In this case also (Figs 6 to 9) there was demyelination of the posterior columns of the upper cervical cord with the medial fibres of these funiculi affected in the lower cervical sections. The lateral columns were grossly demyelinated in the cervical sections, with coagulation and liquefaction of the central portion of the lower cervical section. Again the damage was more extensive on one side than the other. In the thoracic sections involvement of the posterior columns was mild and the pyramidal and spinocerebellar tract involvement less severe. The lumbar section showed mild demyelination of the lateral columns. Apart from some small focal areas of demyelination, the anterior columns were again spared (Fig. 9) commenced treatment with the linear accelerator at 4 meV for a small recurrence of the tumour. The fields were 4 x 4 cm right and left laterals, and the central dose was 6,000 r over 39 days. The cord dose was possibly about 5,000 r. In June 1958 she was again treated with the linear accelerator for a suspected extradural secondary deposit. The field was directly posterior-anterior, 6 x 12 cm with its upper border at the level of the spine of C7 vertebra, and the cord dose was 5,760 r, given over 30 days. In October 1958, 20 mc of radon seeds were implanted in an enlarged cervical gland, giving a dose of 6,000 r at 2 cm radius, and hence a possible cord dose of 1,000 r.
Nine months after the completion of her second course of radiotherapy, she developed urinary group.bmj.com on October 21, 2017 -Published by http://jnnp.bmj.com/ Downloaded from symptoms, with paraesthesiae of the feet and legs. Weakness of the arms and legs developed after a further four months. Examination revealed a right Horner's syndrome, and an asymmetrical spastic paraparesis, with a level to spinothalamic sensation at C3 dermatome, with posterior column modalities intact. Clinically, there was no evidence of recurrence of the primary tumour. A myelogram was normal and the CSF was normal (protein 25 mg/100 ml.).
During the next 12 months her condition gradually deteriorated, with progression of her spinal cord signs. She also became depressed and she developed postural hypotension. Necropsy was performed on 20 April 1959, 12 months after the onset of her spinal cord symptoms.
PATHOLOGY The immediate cause of death was hypostatic pneumonia. The spinal cord was extremely soft over a length of 4 cm corresponding to the region of irradiation. There was no evidence of tumour in the spinal canal or vertebral bodies. There were four sections taken. The cervical section was distorted and necrotic. The mid-thoracic, lumbar, and sacral cords showed demyelination as the major pathological change.
Histologically (Fig. 10 ) the cervical cord was liquified, leaving only the posterior and anterior columns of white matter. The central portions of the posterior columns were demyelinated. All sections were distorted, but there was no marked demyelination of the posterior columns in other sections. The anterior columns had been spared in all sections. Both lateral columns were equally demyelinated, and in the thoracic, lumbar, and sacral sections the demyelination was more apparent in their posterior parts. The leptomeninges were thickened in the upper cervical region, and were infiltrated with lymphocytes.
In the remaining parts of the cervical cord there was coagulative necrosis of the central grey matter, and some areas of pronounced axonal swelling in the white matter. There was some hyaline thickening of small extramedullary arterioles, but no thrombosis. Perivascular gitter cells were sometimes present (Fig.  13 ). There was a small piece of calcium in the edge of one lateral column. There were more dark glial nuclei apparent in the grey matter than were seen in the other cases, with an increased number of thickened arterioles, some containing antemortem thrombi.
No necrosis was seen in other sections, but perivascular cuffing with lymphocytes was present in the thoracic and lumbar sections in the demyelinated areas. There was chromatolysis of varying degree in both of these sections in the anterior horn cells. (Malamud et atl., 1954 ) the pathology was said to be that of acute necrotizing myelitis associated with fibrinoid degeneration of the blood vessels, and only a mild glial response. These authors commented that, although vascular changes were present, they were distinctly limited in extent when compared with the widespread disintegration of the parenchyma. Malamud repeats this observation when reporting the histology of a case described by Phillips and Buschke (1969) . Coy et al. (1969) reported that the vessels characteristically, but not always, showed permeability to fibrin in the acute stages with eventual fibrosis and obliteration. They also felt that some morphologically intact vessels might be functionally defective. We were unable to confirm their observation. Kristensson et al. (1967) found pathology similar to our own and that of the other adequate descriptions in the literature, with the exception that they reported telangiectases in all of their cases. They conclude from the literature that a vascular lesion is the most important factor in the pathogenesis of radionecrosis of the spinal cord.
There has been some experimental evidence to suggest another pathogenesis. Scholz, Schlote, and Hirschberger (1960) recognized that in the spinal cords of irradiated hamsters and rabbits, the white columns are predominantly affected. This work was confirmed by Gilmore (1963) . Innes and Carsten (1961) have produced a demyelinating myelomalacia in rats with radiation, and the blood vessels in their animals were normal. Marked demyelination was seen in all of our cases, while the vascular changes seen were often present well outside the region of irradiation, and could in part have been due to generalized degenerative vascular disease.
More recently Estable-Puig, Estable, Tobias, and Haymaker (1964) have shown that the myelin of rats' brains is selectively destroyed after a-particle irradiation, a change attributed to the direct effect of radiation on myelin. Zeman (1966) considered that the effects of radiation on the murine spinal cord might be due to a delayed effect on the glial elements, which multiplied rapidly after irradiation and then died after full division. so that a delayed myelopathy occurred 200 days after irradiation. The effect on the oligodendroglia would then affect the myelin, and also explain the poor response by all types of glial cells seen in necropsied human cords.
There is little clinical, pathological, or experimental evidence to support the widely held belief that vasculitis is the primary pathological change in radiation myelopathy. Moreover, recent experimental studies suggest that direct effects of radiation on the neural elements are more likely pathogenetic factors.
